Four independent, spontaneous mutants of the adenovirus type 2-simian virus 40 hybrid Ad2+ND3 that allow efficient growth in monkey cells were isolated previously (C. W. Anderson Although human adenoviruses grow poorly in cell cultures derived from African green monkey kidneys or Rhesus monkey kidneys (25, 29) , viral variants may be obtained that yield 100-to 1,000-fold more infectiou's virus per infected cell than is obtained with the parent wild-type virus (1, 13, 20) . The first such variants to be isolated were hybrid viruses formed between adenovirus and simian virus 40 (SV40) (20, 21 ; see reference 29 for a review). These variants had various portions of the SV40 genome covalently integrated into the adenovirus genome and a concomitant deletion of some adenovirus DNA. One series of hybrid viruses isolated by Lewis and his colleagues (20, 21) maintained its ability to grow in human cells without helper virus; these were termed nondefective (ND) hybrids. Those that were also able to grow efficiently in monkey cells were found to express the carboxy-terminal portion of the SV40 large tumor antigen (9) . More recently, a second type of adenovirus host range variant was isolated by serial passage of adenovirus stocks in SV40-free monkey cells (1, 13) . The mutation(s) carried by some of these variants have been mapped by marker rescue analysis to the coding sequence for the adenovirus 72,000-molecular-weight DNA-binding protein (DBP) (15) . The nucleotide sequence of one such mutant, Ad5hr4O4, was recently reported (18) .
We recently reported the isolation and partial characterization of four independent, spontaneous mutants of the hybrid virus Ad2'ND3 that grow efficiently in cultured monkey cells (1) . Ad2+ND3 is an adenovirus 2 (Ad2)-SV40 hybrid that does not contain coding information for the SV40 T antigen and therefore grows as poorly in monkey cells as does wild-type Ad2. To further characterize these mutants and the mechanisms by which adenovirus may overcome the block to efficient replication in monkey cells, we characterized these four mutants by both marker rescue and DNA sequence analysis. virus as described by Pettersson and Sambrook (24) .
Marker rescue. Marker rescue analysis was performed by the calcium phosphate-DNA precipitate transfection method of Graham and van der Eb (7) and has been described in detail previously (15 To further refine the map location of these host range mutants, marker rescue analysis was performed with restriction fragments generated by combined cleavage with the restriction enzymes EcoRI and BglII (Table 3) and by cleavage with the enzyme XhoI (Table 4) . Only the mixture of EcoRI-BglII fragments containing sequences from 63.6 to 70.7 mu (fragment C*) and from 77.9 to 89.9 mu (fragment F-I) gave efficient marker rescue. Because the host range mutations must reside in the region shared with both EcoRI B (58.5 to 70.7 mu) and BamHI Al (59.5 to 80.3 mu) fragments, the C* fragment rather than the F-I fragment is responsible for rescue of virus growth. Thus, the host range mutation in each mutant must be within the sequence from mu 63.6 to 70.7. This region of the adenovirus genome encodes the amino-terminal portion of the 72,000-Mr DBP and the amino-terminal portion of the 100,000-dalton late, nonvirion protein.
Marker rescue experiments with Xhol-derived fragments from mutants hr600, hr602, and hr603 indicated that the mutations in these mutants must lie to the left of map position 66.0 (Table 4) . Recent sequence analysis of the region encoding the DBP of Ad2 (19) Only the left portion of the Bglll C fragment is so marked, as fragments digested with both Bglll and EcoRI were used for marker rescue experiments (see Table 3 ). Map units given for Ad2+ND3 are the same as those given for Ad2 and have not been corrected for the somewhat shorter genome of this hybrid.
wild-type Ad2+ND3 and mutant hr602 DNA is quence of this region was also determined for given in Fig. 3 . This region of the Ad2+ND3 the host range mutant hr602. Only one nucleosequence was found to be identical to that tide difference was observed (Fig. 4) . Mutant recently published by Kruijer et al. (19) for this hr602 has a T residue in place of a C residue as same region of Ad2 DNA. The complete se-the first base of the 130th codon in the DBP "Ratio of plaques obtained on CV-1 monolayers from the third CV-1 passage of transfection of 293 cells with the indicated fragment plus AdS DNA to plaques obtained from the third passage of transfection with Ad5 DNA alone (3.5 x 102 PFU/ml for hr600, 1.6 x 104 PFU/ml for hr602, and 3 x 10' PFU/ml for hr603). Numbers represent the average of two or three independent transfections for each fragment.
b Ratio of plaques obtained on CV-1 monolayers from the third CV-1 passage of transfection of 293 cells with AdS DNA plus the indicated fragment to plaques obtained from the third passage of transfection with AdS DNA and the EcoRI F fragment (3 x 103 PFU/ml for hr601). Numbers represent the average of two or three independent transfections for each fragment. c Unresolved fragment mixtures (see Fig. 1 ).
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other changes were observed in the genomes of hr600, hr601, and hr603 within 160 bp on either side of the altered codon 130. Although it is impossible to rigorously prove that the four mutants are independent, the fact that they were isolated from stocks passaged independently in monkey cells strongly suggests that this is the The KpnI E fragment from wild-type Ad2+ND3 or hr602 DNA was digested with HpaIl, labeled using polynucleotide kinase, and subcut with BstEll. The isolated fragments, labeled at the Hpall site at N1925 and extending to N1530 (19) , were subjected to the five sequencing reactions described by Maxam and Gilbert (22) . Nucleotide 1,913, the first nucleotide of a histidine codon at position 130 from the initiation site for DBP synthesis, is clearly shown to be altered from a C to a T in hr602. This alteration causes the replacement of this histidine by a tyrosine in the mutant DBP. A similar experiment with the other three host range mutants (hr600, hr601, and hr603) indicated that each of these mutants was altered in exactly the same way.
Ad5) can be changed in a single step to encode seven different amino acids (tyrosine, asparagine, aspartic acid, leucine, proline, arginine, and glutamine). (6, 12, 28) . These functions include the capacity to bind to single-sfranded DNA and the ability to support the elongation reaction of DNA replication in vitro. Most of the phosphorylation sites within the DBP are located in an amino-terminal segment. The position of the new tyrosine in the host range mutants is within the amino-terminal region of the protein but lies close to the chymotrypsin site that demarks the functional carboxyterminal segment (C. W. Anderson tion). In contrast, host range mutations which allow efficient growth in monkey cells reside in the segment of the DBP gene coding for the amino-terminal region. These two regions appear to be functionally independent since a DBP that is both temperature sensitive for DNA binding and carries the host range alteration permits efficient viral growth in monkey cells at an elevated temperature (16; Rice and Klessig, submitted for publication).
Adenovirus-infected monkey cells express reduced levels of most late proteins; in particular, fiber protein synthesis is severely depressed (5, 8, 9, 14) . Much of the reduction in late gene expression can be accounted for by a reduction in late mRNA levels, but at least in the case of fiber protein, there also appears to be a block at the level of mRNA translation. Fiber mRNA is not translated in abortively infected monkey cells even though it is associated with polysomelike structures; however, this RNA can be translated in vitro (2) . DBP function is also necessary for the expression of adeno-associated virus late proteins (10, 26) . Whether the role(s) DBP plays in controlling adeno-associated virus late protein synthesis or adenovirus early gene expression in human cells is related to its function in overcoming the block to late gene expression and virus reproduction in monkey cells remains to be determined.
